This study evaluated the effect of respiratory movement on field-in-field (FIF) forward intensity-modulated radiotherapy (IMRT) for the treatment of breast cancer. FIF forward IMRT was performed on ten patients receiving radiotherapy to the whole breast after conservation surgery. Assuming that breast motion follows a sophisticated cyclic function, the changes in hot and cold region, dose homogeneity index (DHI), and skin dose were examined at different respiration amplitudes of 1 cm, 2 cm, and 3 cm. FIF forward IMRT significantly improved the hot region, DHI, and skin dose, but slightly worsened the cold region, compared to the two wedged tangential technique (TWT). Interestingly, we found that the respiration amplitude affected the DHI and cold region but had no effect on the hot region and skin dose. The DHI was slightly improved at 1 cm of amplitude probably due to the blurring effect, remained unchanged at 2 cm of amplitude, and was worsened at 3 cm of amplitude. FIF forward IMRT significantly increased the cold region at 2 cm and 3 cm of respiration amplitude compared to the TWT. At 3 cm of respiration amplitude, an average cold region of 3.27 cm 3 was observed.
Introduction
Radiation therapy plays a major role in the treatment of breast cancer, the most frequent cancer in females (1). With the improvement of early diagnosis, most breast cancers are treated with radiation therapy after conservation surgery. In such cases, radiation has generally been delivered to the entire breast by the two wedged tangential technique (TWT), which has long been considered as the standard treatment. During application of the TWT, the radiation beam is tilted along the tangential plane, ensuring that the entire breast tissues are contained within the treatment field while allowing minimum exposure to the lung tissues. In addition, application of a metal wedge to both beam ports, allows the thin thickness of the nipple area to be compensated. However, with respect to the prescription dose homogeneity of the target volume, this technique could be significantly improved. In particular, the complex geometrical structure of the breast should be considered. Since the breast is bell-shaped, the tissue thickness changes continuously not only on the transverse plane but also on the sagittal plane. Furthermore, the lung, a low-density tissue located under the breast, induces large changes in the attenuation of radiation. Consequently, the lung induces a complex and irregular high dose region, that impairs the prescription dose homogeneity, and evades the ICRU recommended range (5-7% of the prescribed dose) (2) (3) (4) (5) . This results in many side-effects including the deterioration of breast esthetics, pain, pneumonia, and severe dermatitis (6, 7).
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For a long time, the TWT has been minimally improved. However, since the development of intensity-modulated radiotherapy (IMRT), efforts to improve dose homogeneity have been made in breast cancer radiation treatment. IMRT consists of both inverse IMRT and forward IMRT. During inverse IMRT, a computer program generates the optimized treatment protocol based on the condition of the target tissue volume and the adjacent normal organs. However, inverse IMRT requires expensive software, high treatment cost for patients, and the treatment time is relatively long. Several types of forward IMRT are also available. The most frequently used forward IMRT is the field-in-field (FIF) technique. FIF forward IMRT uses a patch beam based on the isodose curve, thereby allowing more homogeneous dose distribution to be obtained (8) (9) (10) . Recently, a study comparing the treatment of breast cancer with either inverse IMRT or forward IMRT, showed that although a slightly improved dose distribution was obtained with inverse IMRT, it had no effect on the excess dose of inframammary crease. Thus, from a clinical viewpoint, these two techniques are essentially equivalent (10).
Due to the precision of IMRT, the movement of a target organ is an important variable that should be considered when planning the most effective treatment. For example, during the treatment of breast cancer, the breast moves according to the respiration of the patient. Consequently, IMRT may result in the generation of either an unwanted overdose region or a low dose region that is substantially lower than the prescription dose. In breast cancer radiation therapy, the effects of respiratory-induced movement of the breast and the change of position by set-up error have been studied in depth (11) (12) (13) (14) . However, few studies have focused on the effects of respiration movement on the outcome of treatment planning. Recently, the effect of respiration on dose distribution during application of the simple TWT or inverse IMRT have been reported (15-21). However, there is no systematic report about the effect of respiration on the FIF forward IMRT, frequently used in the clinic.
In this study, we examined the effects of respiration on the anticipated dose distribution during application of the FIF forward IMRT technique.
Materials and Methods
In this study, analysis was performed on ten patients who received definitive radiotherapy by the FIF forward IMRT technique. The treatment machine was a linear accelerator with a nominal energy of 4 MV (CLINAC-600C ® , Varian, USA), which is dedicated to treat the patients with breast cancer in our institution. In one patient with big breasts, a linear accelerator with a nominal energy of 6 MV (CLINAC-2100C ® ) was used. The dose per treatment was 180 cGy.
The treatment planning procedure of FIF forward IMRT performed in these studies is outlined below. First, the dose distribution of the breast by two tangential beams was calculated. In most cases, the hot regions (receiving greater than 107% of the prescription dose) were generated in the breast outline area observed from the beam's eye view where the breast tissues became thin and in the vicinity of low-density pulmonary tissues. Subsequently, patch beams using Cerrobend block were added to both field in order to cover the area receiving greater than 107% of the prescription dose. In cases where the hot regions were blocked using a multileaf collimator (MLC), two or three subfield patch beams should have been added to ensure proper blockage of hot area. However, since Cerrobend block was used to shield irregularly shaped hot regions, it had same effect with two or three MLC subfield patch beams. Additionally, oriental women's breast is relatively small in volume. That is another reason why a relatively simple patch block is sufficient at each side to obtain homogeneous dose distribution. However the use of single patch beam out of Cerebond block made this study more feasible and easier to understand how the respiration affects the final isodose distribution. The dose weight of the patch beam was modulated for the whole breast to receive at least 95% of the prescription dose. Figure 1 explains the idea of FIF forward IMRT technique. When applying TWT technique, hot regions are generated at both ends. But applying patch beam with the weight of 9% and decreasing the weight of main beam to 91%, homogenous dose distribution is obtained. Figure 2 shows one example of our procedure. The left figure is beam's eye view of patch beam. The blue spots indicate hot regions where absorbed dose is over 107% of prescribed dose, and they are shielded with block. The middle figure shows isodose curves, when TWT is applied. Blue lines, green lines, and red lines indicate 107%, 100%, and 95% of prescribed dose, respectively. Hot points appear at region where breast tissue is thin, and in the vicinity of low-density pulmonary tissues. The right figure shows improved dose homogeneity after applying patch beams.
After that, for comparison, we have contoured skin and planning target volume (PTV) on CT images of a patient. PTV was defined as everything included in two tangential field (less 5 mm beam penumbra and 5 mm from skin surface) excluding the lungs and the heart, and the skin was defined in the area of PTV from the surface down to 5 mm depth. This PTV is not a clinical target, rather an object drawn for comparison between treatment techniques and for investigating the effect of breathing motion.
Generally, a blurred dose distribution is used in studies examining the effects of dose distribution on the respiration of the patient or set-up errors. This is the summation of the multiplication of the probability of dislocation from the original position and the absorbed dose at the dislocated site to all cases. This is presented as the following formula (22, 23):
assuming that the movement of the breast by respiration is limited only to the anterior-posterior direction. Describing more accurately, on the axial cut, only the movement perpendicular to the two tangential beams was considered. Left panel of Figure 4 shows the movement of isocenter during breathing motion that is considered in this study. The recent report that the mean standard deviation of the range of respiratory motion of breast is largest for anteroposterior direction supports our assumption (14). PDF(x -xʹ) is the probability density function that tissues located in the x site move to the xʹ site due to the respiration of the patients, and D 0 (x -xʹ, y, z) is the dose distribution function at that time.
In addition, the two tangential beams were open field, and almost parallel-opposing, with a relatively long delivery time. This allowed us to assume that the breathing motion of a breast does not seriously affect the dose distribution caused by two tangential fields. In fact, when the isocenter was shifted 1 cm in each direction during application of the TWT, the differential dose volume histogram (DVH) of the PTV was rarely changed, as shown in Figure 3 .
In contrast, two patch beams have a complex shape based on the isodose curve, and a very short delivery time. The Monitor Unit (MU) for the patch beam was around 10 except in one case. Its delivery time is about one or two seconds with usual dose rate. On the other side, a typical breathing cycle is around 4 seconds. This means that the breast is at a particular phase in the respiration cycle during delivery of the patch beam, and this phase is random. Because we are interested in multi-fractional treatment, the instant shots of patch beam may be considered with probability density function. The formula is summarized as follows:
where D tan is the dose distribution by two tangential beams, and D patch1 and D patch2 show the dose distribution by two patch beams. If the margin between PTV and two tangential fields is too small or if the amplitude of breathing motion is too large, low dose region would appear at border of PTV when considering breathing motion even with two tangential beams. In this case, D tan is not independent of breathing motion any more. However, our interest is not on the border of PTV, rather on the junction area of two tangential beams and two patch beams, because the margin can be easily adjusted by observing the respiratory motion of a patient. Explaining in more detail with Figure 2 , the lower block in the right figure, which represents the dose distribution due to two tangential beams, is not nearly affected by respiratory motion, rather depends on the physical structure of breast. On the contrary, the upper thin block, which represents the dose distribution due to patch beams, is sensitive to the motion of breast, because the patch beam has shield blocks with irregular shape. We are interested in the improper superposition of these two dose distributions due to the respiratory motion. Result in regard of this point will be discussed later. For the probability density function PDF(x -xʹ), we used a sophisticated probability density function outlined below (22): where n is the fitting parameter with n=3, b is the breathing amplitude and x 0 is the tissue position at the full exhalation. This probability function is defined only in the range x 0 -b < x < x 0 . If n is equal to 1, the duration for a breast tissue to remain around x 0 is equal to the duration to remain around x 0 -b, and the respiration motion becomes sinusoidal. However, since n=3, the duration at x 0 is longer than at x 0 -b. The direction of x 0 -x should be carefully considered, because the Equation [3] was derived to describe the respiratory motion of a diaphragm. The diaphragm moves down during inhalation, and up during exhalation, whereas the breast moves anteriorly during inhalation, and posteriorly during exhalation. Thus, the increase of x 0 -x means that diaphragm moves inferiorly and breast moves anteriorly.
D patch (x -xʹ, y, z) was obtained as follows. First, in the transverse plane containing an isocenter, a straight line passing the isocenter and perpendicular to two tangential beams was drawn (yellow line in the left side of Figure 4 ). Following this straight line, new isocenters in a site distanced away from the isocenter by x -xʹ were dotted. Next, the patch beams were copied and directed toward the new isocenters as shown in the right side of Figure 4 . Then, a monitor unit (MU) identical to the original patch beam was applied to copied patch beams. In principle, such work has to be performed for all continuous x -xʹ. However, in reality this is not feasible. Hence, such work was performed discretely using ten points. For exam- ple, when the respiration amplitude is 1 cm, the integral terms in the blurred dose distribution function are converted to the following summation terms with the interval of 1 mm:
To assess the accuracy of results, in only one case, the result with 10 intervals was compared with the result with 30 intervals. But little difference was found between the two results, which means that the conversion from continuous integral to the summation with 10 intervals does not bring about inaccuracy in the result. For the calculation of the absorbed dose, ADAC Pinnacle ® software (ADAC Laboratories, Milpitas, CA, USA) was used, and the PDF(x -xʹ) value was endowed by assigning appropriately the fraction number of each patch beam. For example, if the probability for a patch beam to deviate upward by +4.5 mm is 0.21 and the probability to deviate by +3.5 mm is 0.05, 21 is assigned to the fraction number of the patch beam deviated by +4.5 mm, and 5 is assigned to that deviated by +3.5 mm. Because two tangential beams are irradiated to all breast tissues regardless of the respiratory motion, their probabilities are 1. Therefore, 100 is assigned to their fraction numbers. After ADAC Pinnacle ® software calculates the total dose considering the fraction numbers assigned to each beam, the anticipated dose distribution is obtained by dividing it by 100.
At this point, the discrete value of probability density function requires one comment. In principle, the integral of probability density function must be 1. However, in our case where the probability density function is summed discretely, it may not be 1. This discrepancy is mainly attributed to the discrete values at both end points, where the continuous probability function rapidly increases. To resolve this problem, as an example, if the amplitude of respiratory motion is 1 cm, PDF (4.5 mm) and PDF (-4.5 mm) are redefined as below:
where PDF(x -xʹ) = P om (x -xʹ + 0.5) of the Equation [3] . Then the sum of probability density function is always 1. Table I shows the discrete values of probability density functions so obtained with respiration amplitude of 1 cm, 2 cm, and 3 cm, respectively. They are obtained from Equation [5] for the values at both end points and from Equation [3] for others. According to the study of Ryan P. Smith et al. (12) , the maximum range of respiratory motion and movement during treatment on any day was 0.25 cm, while the variation caused by day-to-day setup variation was greater ranging from 0.59 cm to 2.94 cm. The study of R. Kinoshita et al. gives results consistent with it (14) . The mean ± stan- figure) , the dose distribution when TWT is applied (middle figure) , and the improved dose distribution when FIF technique is applied (right figure) . The blue, green, and red line mean 107%, 100%, and 95% of prescribed dose, respectively. dard deviation of the range of respiratory motion was 1.0 ± 0.6 mm, 1.3 ± 0.5 mm, and 2.6 ± 1.4 mm for the right-left, craniocaudal, and anteroposterior direction, respectively. Because we are interested in intrafraction motion due to respiration rather than in interfraction motion, considering 1 cm of amplitude seems sufficient. However, some patients could show much larger amplitude of the respiratory motion comparing with others, and it is interesting to investigate to what extent of respiratory motion the treatment using FIF forward IMRT for breast cancer is valid.
Following the formula described above, we examined the changes in hot and cold regions, DHI, and the skin dose with respect to the respiration amplitude. The hot region and the cold region are defined as the region over 107% and below 95% of prescribed dose, respectively. The DHI is a criterion that allows the dose homogeneity within a target volume to be compared, and is defined as follows (24): where D 90% and D 10% are doses corresponding, respectively, to 90% and 10% of the total volume in cumulative DVH.
As the DHI approaches a value of one, the homogeneity of the dose is improved, whereas the decrease of DHI indicates that the homogeneity is worse. The significance of changes induced by these factors was estimated by the Wilcoxon signed ranks test for paired observations with P<0.05 considered to be statistically significant.
Results
The Effect of Respiration Amplitude on the Change in Hot and Cold Regions During Application of the FIF Forward IMRT Technique
The effect of respiration on the hot and cold regions during FIF forward IMRT are shown in Table III . The ten patients are listed according to the size of the PTV. An increase in breast volume resulted in a larger absolute volume of the hot region. In cases where the PTV exceeded 290 cm 3 , a hot region of greater than 10 cm 3 often occurred. When respiration movement was not considered (i.e., at a respiration amplitude of 0 cm), FIF forward IMRT markedly decreased hot regions from values greater than 10 cm 3 to 0-3 cm 3 in the large breasts and eliminated all hot regions in the small breasts as in Table II . Respiration movement had no effect on the volume of the hot region during application of the FIF forward IMRT technique. On average, the hot region at respiration amplitudes of 0 cm, 1 cm, 2 cm, and 3 cm, were 0.59 cm 3 , 0.57 cm 3 , 0.66 cm 3 , and 0.74 cm 3 , respectively. There were no statistically significant differences from 0 cm to 1 cm (p=0.786), 2 cm (p=0.893), and 3 cm (p=0.686) of respiration amplitude, using the Wilcoxon signed ranks test.
FIF forward IMRT without respiratory motion slightly increased the cold region compared to the TWT as in Table  II . However, in contrast to the hot region, respiration movement had a significant effect on the cold region depending on its amplitude. Although the cold region at an amplitude of 1 cm was not significantly different from no movement (p=0.959), the cold regions detected at amplitudes of 2 and 3 cm were significantly increased (p=0.025 and p=0.05, respectively). At the respiration amplitude of 3 cm, the average volume of the cold region exceeded 3 cm 3 . In particular, Patients 2 and 8 had a cold region greater than 5 cm 3 . The change in the volume of the cold region was independent of the breast size. As shown in the differential DVH of the PTV of patient No. 7 (Figure 5a ), a superior dose homogeneity was obtained from FIF forward IMRT than the TWT. Although the target volume receiving less than 95% of the prescription dose was virtually unchanged, the volume receiving a high dose greater than 107% was substantially decreased when respiration was not taken into account. As the respiration amplitude of the patient increased, the differential DVH gradually became broader. The broadening of the DVH was more obvious on the left side, which represents the cold region. Figure 6 shows isodose curves when considering respiratory amplitude of 0 cm, 1 cm, 2 cm, and 3 cm clockwise from left upper figure. Green line and red line means 100% and 95% of prescribed dose, respectively. The first figure, which is without respiratory motion, shows that chest wall is well included in the red line. It holds in the second figure, which is with the amplitude of 1 cm. However, from the amplitude of 2 cm, low dose region comes to appear around chest wall, and the region surrounded by green line begin to be divided into two parts, even though they are still within red line. This is so because as the amplitude of respiratory motion is larger, the mismatch between tangential beam and patch beam become severer. The low dose region in chest wall, and the relatively low dose region newly appeared between two green zones are along a line. It is the clue of the mismatch of tangential beams and patch beams. However, this line does not appear in the case of the respiratory motion with small amplitude.
Comparison of the Dose Homogeneity Index (DHI)
As shown in Table IV , superior dose homogeneity was obtained with FIF forward IMRT than the TWT. Statistically significant differences were observed between the TWT and the FIF forward IMRT technique at respiration amplitudes of 0 cm (p=0.005), 1 cm (p=0.005), 2 cm (p=0.005), and 3 cm (p=0.032), indicating that the FIF forward IMRT technique improved the DHI irrespective of a respiration amplitude up to 3 cm. However, when we compared the DHI between 0 cm to 1 cm, 2 cm, and 3 cm of respiration amplitude in FIF forward IMRT, we found that at 1 cm of respiration amplitude the DHI had a tendency to improve (p=0.052), at 2 cm the difference was no longer statistically significant (p=0.083), and at 3 cm the DHI was significantly worse (p=0.032). If the dose distribution were stepwise as in Figure 1 , the patch beam would fit to the area with insufficient dose, as if matching Lego blocks. The actual dose distribution is a smooth curve. On the other hand, the effect of patch beam is almost stepwise, because it does not irradiate the area receiving higher than 107% of prescription dose in the situation of TWT, but irradiates the area lower than 107%. This generates a little inhomogeneous dose distribution than expected.
However, considering the respiration, the border of such a patch beam becomes vague, and it would be delivered as if scattered. Therefore, more homogeneous dose distribution can be obtained than the case without the respiration motion if the amplitude of respiration movement is small.
The Effect of Respiratory Movement on the Skin
In this study, the skin was defined as the region from surface to a depth of 5 mm. High dose at the skin is the main cause of skin reaction during radiation therapy. Table V shows that the percentage volume of skin exceeding 107% of prescription dose significantly decreased on average from 2.18% to 0.07% after application of the FIF forward IMRT technique (p=0.008). This benefit remained even after respiratory motion was taken into account. For four patients with small breasts, a hot region was not observed regardless of the respiration amplitude. For a patient, the effects of the radiotherapy technique and respiration amplitude on the dose-volume distribution in the skin of a small breast patient (patient No 7) are shown as a differential DVH in Figure 5b . There are many reports on the inaccuracy of the surface dose in commercial radiation treatment planning (RTP) systems (25-27). However, our interests are the comparison between two techniques and the effect of respiratory motion rather than the absolute dose.
Discussion
This study analyzed the effect of respiration-induced breast movement on the outcome of treatment planning in FIF forward IMRT. This form of therapy is readily applied in clinics and is relatively effective on the improvement of dose distribution compared to other methods.
Based on the blurred dose distribution function that is applied frequently when studying the effect of respiration or set-up error on dose distribution (22, 23), we examined the effect of respiration amplitude (0 cm, 1 cm, 2 cm, and 3 cm) on the outcome of treatment planning with the FIF forward IMRT technique. For this, two assumptions were made. The first was that the dose distribution in a breast caused by tangential beams was not significantly affected by respiration. The second was that the breast moves during respiration in a direction perpendicular to the two tangential beams on the axial cut due to the movement of the breast. Nevertheless, breast movement in the superior-inferior and right-left directions also occurs but to a lesser extent. We investigated the modification of dose distribution due to the motion in the superior-inferior and right-left directions for only a single case by using the same method as mentioned in the Materials and Methods section, and found that the movement in these directions does not bring about significant modification to dose distribution comparing with that caused by anterior-posterior motion.
The improvement of a high precision technique such as IMRT has led to an increased number of studies on the effect of respiration movement during irradiation. To date, the effect of respiration on dose distribution in breast cancer radiotherapy has been examined after application of the TWT (15), inverse IMRT (15-21), and even accelerated partial breast irradiation (28) S. Sidhu et al. investigated the effects of intrafraction motion on dose homogeneity in a breast phantom with ssIMRT, where they realized one-dimensional motion like ours by using a respiratory simulator (17). However, their respiratory motion was simply sinusoidal compared with our realistic one. C. Ding et al. used 4D CT to investigate the effect of respiratory cycle and radiation beam-on timing on the dose distribution of free-breathing treatment using dynamic IMRT (20). Their approach is similar to ours in the respect that many images for one slice in 4D CT are substituted in our approach by many patch beams copied. However, they were interested in the effect of respiratory cycle period and radiation beam-on timing. On the other hand, C. S. Chui et al. investigated the effects of intrafraction organ motion with the computational algorithms including leaf penumbra (21). The organ motion they considered seems to be symmetric between exhalation phase and inhalation phase, which is different from ours. However, to our knowledge, the effect of respiration movement on dose distribution in breast radiotherapy has not been reported after application of the FIF forward IMRT technique. Here, we found that during application of the FIF forward IMRT technique, respiration-induced movement and amplitude had significant effects on various end points including hot and cold regions, the DHI, and the skin dose, in contrast to previous reports on the . In previous studies, the insignificant changes in respiratory motion-induced dose variations may be attributed to the simplicity of the TWT and to the extensive blurring effect during inverse IMRT. Thus, we conclude that respiration amplitude should be considered during application of the FIF forward IMRT technique for treatment of breast cancer.
